Pharyngitis caused by group A streptococci (GAS) is one of the most common infections around the world. However, relatively little is known about which genes are expressed and which genes regulate expression during acute infection. Due to their ability to provide genome-wide views of gene expression at one time, microarrays are increasingly being incorporated in GAS research. In this study, a novel electrochemical detection-based microarray was used to identify gene expression patterns among humans with culture-confirmed GAS pharyngitis. Using 14 samples (11 GAS-positive and three GAS-negative) obtained from subjects seen at the Brooke Army Medical Center paediatric clinic, this study demonstrated two different clusters of gene expression patterns. One cluster expressed a larger number of genes related to phages, immunesystem evasion and survival among competing oral flora, signifying a potentially more virulent pattern of gene expression. The other cluster showed a greater number of genes related to nutrient acquisition and protein expression. This in vivo genome-wide analysis of GAS gene expression in humans with pharyngitis evaluated global gene expression in terms of virulence factors.
INTRODUCTION
Group A streptococci (GAS) are exclusively human pathogens. Despite the high frequency of infection and potential for life-threatening infections, until 10 years ago little was known about GAS from a genetic level. One of the difficulties is the many clinical manifestations of GAS, from asymptomatic carrier status, acute pharyngitis, skin infections, toxic shock syndrome to sequelae such as rheumatic fever and post-streptococcal glomerulonephritis. Thus, determining the genetic pathways that underlie such a varied pathogen-host interaction has been slow in progression (Cunningham, 2000) . The most common clinical manifestation, pharyngitis, affects several million people each year (Bisno, 2001) . However, because of its potential for high morbidity and mortality, much of the molecular research has concentrated on finding out why and which strains and/or genes aid in the transition to systemic infections and also cause the sequelae of rheumatic fever and post-streptococcal glomerulonephritis (Cunningham, 2000; Hasegawa et al., 2010; Smoot et al., 2002; Traverso et al., 2010) . Comparatively little has been done to examine the genetic basis for pharyngeal infections.
However, recent advances in gene expression techniques (e.g. microarrays) have started to elucidate some aspects of this complicated organism. The use of microarrays in GAS research has grown substantially over the last few years. Multiple studies have used microarrays to examine the genetic content of various subtypes. Microarrays have been used to explore various regulatory genes comparing wildtype versus mutant strains of GAS (Ribardo & McIver, 2006; Shelburne et al., 2008a Shelburne et al., , 2010 . GAS transcriptome changes under various in vitro conditions such as temperature or exposure to neutrophils have been studied (Smoot et al., 2001; Voyich et al., 2004) . However, in vivo studies examining gene expression have been limited. There have been a few studies examining GAS expression in pharyngitis in nonhuman primates and GAS expression in mouse soft-tissue infections (Graham et al., 2006; Virtaneva et al., 2003 Virtaneva et al., , 2005 . However, to our knowledge, there has not been an in vivo study examining the GAS transcriptome in humans with GAS pharyngitis.
METHODS
Sample selection. Throat swabs from patients seen at the Brooke Army Medical Center (BAMC) paediatric clinic for pharyngitis were used for the study. Clinically indicated throat swab samples were frozen at 220 uC after being plated for culture. Samples were then transported on dry ice to the BAMC Department of Clinical Investigation at Brooke Army Medical and stored at 280 uC ,24 h after culture results were IP: 54.70.40.11
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reported. The electronic medical record was reviewed for all samples used in this study to verify that they were obtained as part of the clinical evaluation for pharyngitis. Samples from subjects that were GASpositive and GAS-negative were used in this study. This study was approved by the BAMC Institutional Review Board.
Sample preparation. After thawing, throat swab samples were placed in 2 ml lysis buffer at 60 uC for 30 min prior to being transferred to an EasyMag automated nucleic acid extraction system (bioMérieux). After extraction, the sample quantity and quality were assessed using a NanoDrop spectrophotometer by measuring the A 260/ 280 . All samples were DNase-treated, and the absence of genomic DNA contamination was verified by PCR using standard conditions and primers for the ubiquitous GAS gene proS (Graham et al., 2002) . Gel electrophoresis confirmed that no bands were present for any sample. RT-PCR was then performed using the same proS primers. Bands were seen in all samples except for the samples that were GAS-negative by culture. A sample (100 ng) of the remaining RNA was then amplified using a MessageAmp II-Bacteria kit (Applied Biosystems). The resulting RNA was again assessed using spectrophotometry for quantity and using A 260/280 (.1.7) to assess for quality. RNA quality was also confirmed by gel electrophoresis of 1 mg RNA. The RNA was biotinlabelled as part of the amplification protocol. Five micrograms of RNA was hybridized onto the microarray as described by the manufacturer's protocol and is described in detail at http://cores.montana.edu/ uploads/Genomics%20Core/PTL006_00_12K_Hyb_Imaging.pdf.
CombiMatrix microarray. The microarray used for this study was a custom GAS ElectraSense microarray manufactured by CombiMatrix. This single-channel microarray platform uses an electrochemical reaction to generate an electric current rather than fluorescence as its signal measurement (Ghindilis et al., 2007) . The microarray was a composite comprising 12 000 probes, representing 2758 GAS ORFs belonging to serotypes M1, M3, M4, M12 and M28. There were 1691 probe sets that were homologous for the M1 serotype (GenBank accession no. NC_002737) and represented .95 % of the total predicted coding region. Sequenced genomes from GAS subtypes M1, M3, M4, M12 and M28 were used (see Supplementary Table S1 , available in JMM Online). GenBank files were parsed for gene sequences. Each gene sequence was used in a BLAST assay against the rest of the genomes, and specificity was reported for each gene as percentage identity to the other serotypes. The input gene list was constructed by taking all the genes for serotype M1 NC_002737 and then adding any genes that did not hit this core genome using an 85 % similarity cut-off. In this way, the design was able to capture the entire sequence space of multiple GAS subtypes. Using this input set, probes were designed to be isothermal with a targeted melting temperature of 70-72 uC, allowing a size range of 30-40 bp. Each gene sequence was tiled into probes. Each probe was evaluated using probe quality metrics. These metrics included secondary structure [hairpin melting temperature (T m ) ,60 uC], mol% G+C (35-85 %) and repeats (no more than six single or two-base repeats). The best 10-15 probes were taken for each gene. These probes were then used in a BLAST assay against the other genomes, using a proprietary implementation of the BLAST algorithm, called C-BLAST (CombiMatrix). This program reports hits using thermodynamic constants. Hits that were within 15 uC of the T m of the query probe were considered significant. The probe choice algorithm took into account both the specificity within the host genome and coverage of the other genomes. The algorithm chose probes that were unique within the organism being hybridized but that would also be useable in case other isolates or subtypes or mixtures thereof were used in the hybridization. The purpose was to create a single design that spanned the entire sequence space of GAS. Several probes were chosen for each gene.
Microarray analysis. Factory-built-in negative controls were used for background subtraction. The mean of the lowest 10 % of the negative controls was subtracted from all values. To avoid negative numbers, 2SD of the mean was used to replace all negative numbers. All samples were normalized using a median quantile method performed with ProbeWeaver software (CombiMatrix Corp.) . A hierarchical clustering analysis of the genes was performed using a mean distance method via the NIA Microarray Analysis website (http://lgsun.grc.nia. nih.gov/ANOVA/). Each resultant cluster was then compared with the GAS-negative samples also using the NIA Micrarray Analysis website. The log 2 values of all samples were analysed using analysis of variance with a false discovery rate of ,0.05 to account for multiple comparisons. The top 200 genes, in terms of log fold difference from the GAS-negative controls with a false discovery rate of ,0.05, in each cluster were further examined. Each of the top 200 genes from the clusters was reviewed on the website Microbes Online (http://www. microbesonline.org) for Clusters of Orthologous Groups of proteins (COG) classification. The data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE22436 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE22436). emm typing. RNA from samples in each cluster was amplified by RT-PCR with an emm-specific primer set described in the protocol of the Centers for Disease Control and Prevention (CDC) for emm typing (http://www.cdc.gov/ncidod/biotech/strep/protocol_emm-type.htm). RT-PCR conditions were as follow: 50 uC for 30 min, 94 uC for 15 min and 40 cycles of 94 uC for 30 s, 53 uC for 1 min, 72 uC for 1 min and 72 uC for 10 min. The RT-PCR amplicons were visualized on a 2 % agarose gel before sequencing. Gel-purified RT-PCR product (1 ml) was sequenced with a DTCS Quick Start kit utilizing the CEQ8000 sequencer (Beckman Coulter) following the manufacturer's instructions. Sequence data were submitted to the CDC's Streptococci Group A Subtyping Request Form BLAST 2.0 Server (http://www.cdc. gov/ncidod/biotech/strep/strepblast.htm). The emm types were assigned using parameters described at http://www.cdc.gov/ncidod/biotech/ strep/assigning.htm by the CDC.
Real-time PCR analysis. RNA from samples in each cluster was transcribed into cDNA using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). Microarray validation was performed by real-time PCR using primers for the genes perR, eno, sodA and dpr (see Supplementary Table S2 ). The conditions for realtime PCR analysis were as follows: 50 uC for 2 min, 95 uC for 10 min and 40 cycles of 95 uC for 15 s, 53 uC for 30 s and 72 uC for 30 s. All samples were tested in triplicate. Standard curves for all primers were generated and primer efficiencies were calculated. All gene expression results were normalized to the constitutively expressed gene proS, which showed no significant difference (P.0.05) in gene expression between the two clusters. Ratios of fold change were calculated using the method of Pfaffl (2001) , comparing each cluster. The log 2 fold ratio of each sample comparison was compared with the microarray results using Student's t-test.
RESULTS
Fourteen samples were obtained for this study: 11 GASpositive samples and three GAS-negative samples from subjects with pharyngitis. The hierarchical analysis results demonstrated three clusters: one comprising the three GASnegative samples (NC), one cluster of four GAS-positive samples (C1) and one cluster of seven GAS-positive samples (C2) (Fig. 1) . The majority of the samples in each cluster were hybridized on different days. C1 comprised 804 genes that had at least a twofold increase in signal compared with the negative-control samples with a false discovery rate of ,0.05, whilst C2 comprised 669 genes. There were no genes from the GAS-negative cluster with at least a 1.5-fold specific increase in signal compared with C1 or C2.
Overall functional analysis of the top 200 expressed genes for each cluster was carried out by COG classification ( Fig. 2; see Supplementary Tables S3 and S4 ). The overall pattern of gene expression did not change when examining only genes that were expressed exclusively in the top 200 of each cluster and did not have at least a twofold increase in expression compared with the negative control in the other cluster (97 genes for C1 and 102 genes for C2; data not Group A streptococcus gene expression microarray shown). Only 37 genes were found to be in the top 200 for gene expression in both the C1 and C2 clusters (see Supplementary Table S5) .
Phage-related genes
The largest difference between the two clusters was that 17.5 % of the top 200 C1 genes were associated with phages compared with none in C2. Most of these phage-related genes have not been characterized, but C1 did show high levels of expression of two genes shown to be involved in increased virulence: the DNase streptodornase gene (sdn) and the phospholipase slaA. Cro/Cl was the only known phage transcriptional regulator to be highly expressed in C1.
Carbohydrate metabolism-related genes
Both clusters showed expression of genes related to carbohydrate metabolism. However, C1 had twice as many genes related to utilization of carbohydrates as C2. Both clusters had genes involved in the complex carbohydrate phosphotransferase system that were highly expressed. C1 also had high levels of malR, the maltose operon transcriptional repressor.
Amino acid metabolism-related genes
C2 demonstrated a greater number of genes related to amino acids than C1. Specifically, C2 showed a propensity for high expression of genes known to be triggered by amino acid starvation. These genes included the proteases clpE and clpP, along with ctsR, which has been shown to regulate these genes as well as to regulate other class III stress genes (Steiner & Malke, 2001) . The chaperones groEL and dnaJ, which are part of an operon with hrcA, were all highly expressed in C2 and have been found previously to be part of the amino acid starvation pathway. Other genes that have been shown to be overexpressed during amino acid starvation and that were also in C2 included the secreted protein gene sibA and its regulator luxS and the ABC transporter oppF, which is part of the opp operon (Steiner & Malke, 2001) . In addition to genes found to be expressed during amino acid starvation, C2 also had high expression levels of amino acid transporter genes. Four of these genes, spy1658, spy1316, spy0317 and spy1274, are ABC amino acid transporters. The streptolysin-associated protein gene, sagA, was the only gene highly expressed in C1 that has been shown to be associated with amino acid starvation (Steiner & Malke, 2001) .
Inorganic ion transport
Genes that were related to inorganic transport for both clusters primarily involved metal ions. Twice as many genes were involved in C2 as in C1, including all three of the metal ion ABC transport system genes mtsA, mtsB and mtsC. This system is primarily responsible for transporting Fe 2+ and Mn 2+ ions (Sun et al., 2009 ). In addition, the cobalt transport gene cbiO was among the top 200 genes in C2. Both clusters had high expression levels of the ferric uptake regulation gene perR, which regulates expression of the mtsABC transporters (Ricci et al., 2002) .
Stress-response genes
Examining similarities between the 37 genes that were highly expressed in the two clusters showed a number of genes involved in oxidative stress. As mentioned above, perR, which has been shown to be important in metal ion homeostasis for GAS, is also critical for regulation of genes involved in oxidative stress (Gryllos et al., 2008) . The peroxide resistance protein gene dpr and superoxide dismutase gene sodA are both involved in peroxide resistance, regulated by perR, and were highly expressed in both clusters (Tsou et al., 2010) . C2 also expressed nox, encoding an NADH oxidase that is also involved in the oxidative stress response (Gibson et al., 2000) . Both clusters expressed spy0583, a hypothetical protein gene that is homologous to the stress-response regulator pspC. C2 also expressed two genes involved in the Gls24 stress response, spy1820 and spy1260.
Pharyngeal epithelial-cell adherence
Both clusters expressed genes involved in adherence to pharyngeal epithelial cells. C1 and C2 expressed genes involved in fibronectin binding, whilst C1 expressed prtF2 and C2 expressed sfb1. Fibronectin has been shown to be a key host-cell receptor for adherence to pharyngeal epithelial cells (Baldassarri et al., 2007) . C2 also showed high levels of the gene encoding the M protein, which has been shown to be important in cell adherence (Berkower et al., 1999) . The gene hlpA, encoding a DNA-binding protein, has also been shown to have a high affinity for pharyngeal epithelial cells and was also highly expressed in C2 (Stinson et al., 1998) .
GAS virulence
In addition to the several virulence-factor genes mentioned above, C1 also expressed genes that would aid GAS in surviving amid other competitive bacteria and possibly involved in invasiveness. Three of the genes involved in production of the lantibiotic streptin -srtE, srtG and srtIwere highly expressed in C1. Studies have also shown that streptin may be involved in production of the virulence factor streptolysin S (Karaya et al., 2001) . C1 had two genes in the top 200, sagA and sagE, that are part of the streptolysin S operon. The virulence-factor regulator mga, which has been shown to be important in immune-system evasion, was also highly expressed in C1 (Ribardo & McIver, 2006) . In addition, C1 showed high levels of expression of a bacteriocin-like peptide gene, spy0479, a daunorubicin-resistance ABC transporter gene and a sodium-driven multidrug efflux pump gene, spy1131.
Real-time PCR results
The results of the real-time PCR analysis are shown in Fig.  3 . Of the 16 comparisons between the microarray and realtime PCR gene expression values of the two clusters, 11 showed no statistical significant difference (P.0.05).
DISCUSSION
To our knowledge, this is the first in vivo, genome-wide gene expression study of GAS pharyngitis in humans. The GASnegative samples were used to help prevent the inclusion of genes that have a high sequence homology with those from other bacteria from being misclassified as a highly expressed GAS gene. For example, the gene hlpA has 90-95 % sequence identity to that from other oral streptococcal species, but the GAS-negative samples demonstrated low levels of expression for this gene (Stinson et al., 1998) . In fact, no gene in the GAS-negative samples showed high expression levels (.1.5-fold) compared with the C1 and C2 gene clusters.
The study results showed two distinct clusters that differed significantly in genes that were highly expressed. The data from emm typing (Fig. 1 ) demonstrated that no one serotype accounted for the difference in gene expression. Although no predominant emm type was seen, there was also no emm type that was found in both clusters. Even with the wide range of emm types seen in this study, this finding still leaves the possibility that the emm serotype may be playing a role in the differences in gene expression seen within this study. Supporting this rationale is the high number of phagerelated genes expressed in one cluster and the known variability of prophages among emm types (Vitali et al., 2009 ). However, phage-associated genes only accounted for a portion of the differences in gene expression between the two clusters. Apart from phage-related genes, the majority of the GAS genome is highly conserved (Cunningham, 2000) . In comparing growth phase-associated changes between two GAS strains grown in culture, only minor changes were seen between the two transcriptomes (Chaussee et al., 2008) . With the many clinical manifestations and possible infection sites of GAS, gene expression can vary greatly according to the environmental conditions that the bacteria encounter. Environmental conditions such as pH, temperature, CO 2 and O 2 and the presence or absence of metal ions, amino acids or carbohydrates all cause significant changes in gene expression (Cunningham, 2000) . It is likely that each cluster represents different environmental conditions that GAS was adapting to at the time of the throat swab.
Although linked to the environment, the stage of GAS infection when the samples were obtained may be the biggest contributor to GAS gene expression. From initial colonization through the acute inflammatory stage to the asymptomatic carrier stage, GAS has been shown to vary its gene expression greatly. Using serial throat swabs in GAS-infected non-human primates, Virtaneva et al. (2005) demonstrated significant changes in the GAS transcriptome as the infection proceeded from colonization to acute to asymptomatic stages. It is unlikely that either of our clusters represent GAS gene expression during the initial colonization stage because these samples were taken while the subjects were symptomatic and the inflammatory response had already been stimulated. In two studies (Virtaneva et al., 2003 , large variations in individual gene expression and the transcriptome were seen, even during the acute/ inflammatory phase of the infection. C1 and C2 may represent GAS swabbed during different times or under different environmental conditions within the acute inflammatory stage. Another possibility is that one cluster represents subjects who were GAS carriers who, although testing positive for GAS, actually had pharyngitis of another aetiology. Both clusters expressed genes involved in adherence and suspected epithelial-cell internalization such as the M protein gene, hlpA and sfb1 in C2 and prtF2 in C1. It has been shown that GAS that have failed antibiotic treatment and become carriers are more efficient at internalizing into epithelial cells (Sela et al., 2000) .
Phage-related genes
The high number of phage-associated genes that have an unknown or hypothetical function indicates how little is known about the role of phages in GAS pathogenesis. This is despite the fact that phage ORFs have been shown to account for up to 74 % of the variability in a GAS genome and undoubtedly play a large role in pathogenesis in all forms of infection (Banks et al., 2004) . In the study by Virtaneva et al. (2005) , phage gene expression was highest when the levels of GAS c.f.u. and inflammatory markers were at their highest during each stage of GAS infection. Interestingly, phage gene expression was highest during the asymptomatic carrier phase when one would expect a lower inflammatory state compared with acute infection. C1 appears to represent GAS gene expression during a time of peak inflammation, possibly from the acute infectious stage or the carrier stage. Another possible explanation as to why there is such a wide disparity in phage-related gene expression is that C2 may represent a wide variety of emm serotypes that have significant variations in phage content, and therefore no specific genes were found to be highly expressed.
When specific virulence prophage genes were examined, C1 had high levels of expression of the DNase sdn, the phospholipase sla and the pyrogenic exotoxin speK. A study looking at prophage virulence gene profiles in serotype M28 showed that, of the 46 different profiles found, sdn, sla and speK were all present in eight of them (Green et al., 2005) . Banks et al. (2004) examined 53 M6 serotype pharyngeal isolates and found that 19 contained all three of these prophage-encoded virulence factors. In addition, all three virulence factors were induced when M3 GAS were cultured with human pharyngeal epithelial cells and simulated oxidative stress (Banks et al., 2003) . The presence of these three virulence genes supports the theory that C1 represents a potentially more virulent cluster.
Carbohydrate metabolism
The role of carbohydrate metabolism as a virulence factor is just beginning to be elucidated in GAS. In contrast to blood, the pharynx does not have a rich supply of simple sugars such as glucose for energy. Typically, GAS utilize the complex carbohydrates that are a result of amylase breakdown of starches in the saliva. The acquisition of maltodextrin has been shown to be important for initial growth in saliva (Shelburne et al., 2006) . Neither cluster had genes specifically involved in maltodextrin utilization, which has also been shown to be important in a mouse model for early survival (Shelburne et al., 2006) . This supports the notion that samples from both clusters were taken after the initial colonization phase. C1 overexpressed the gene malR, which is a putative transcriptional regulator and has been shown to inhibit genes involved in maltodextrin acquisition. Shelburne et al. (2007) demonstrated the need for malR expression for GAS persistence in the oropharynx. If C1 samples were from GAS carriers, this would explain the higher levels of malR compared with the levels in C2. Carbohydrate utilization genes are also being linked to increasing virulence and infectivity, which is consistent with the fact that the other virulence genes were expressed by C1 (Shelburne et al., 2008a) Research on the catabolite control protein A (CcpA) has shown that this protein represses expression of complex carbohydrate acquisition in the presence of glucose (Shelburne et al., 2008b) . Because the ccpA gene was not highly expressed in either cluster, and both clusters had genes involved in complex carbohydrate metabolism, glucose or other monosaccharides were probably not abundant, which is expected in saliva.
Amino acid metabolism
A lack of amino acids also triggers a specific response in GAS. Two amino acid starvation pathways have been characterized, depending on whether the genes expressed are relA-dependent or -independent (Steiner & Malke, 2001) . The expression of a significant number of genes involved in the relA-independent pathway in C2 -groEL, dnaJ, hrcA, clpE, clpP, ctsR, sibA and luxS -supports the notion that C2 samples were existing in an amino aciddeprived environment relative to its needs. In addition, C2 had increased levels of the oligopeptidase genes pepC and pepD, along with oppF, which is part of the opp ABC oligopeptide transporter. This suggests that GAS in C2 were also using oligopeptides as another source of amino acids. This similar expression pattern of oligopeptide acquisition was also seen when GAS were grown in human blood, which is known to have low levels of amino acids . The opp operon and luxS have also been shown to negatively regulate streptolysin which had no highly expressed genes in C2, but sagA and sagE, both part of the streptolysin S operon, were highly expressed in C1 (Wang et al., 2005) . Conversely, C1 appeared to exist in an environment with a sufficient amount of amino acids for their metabolic needs, as none of these genes were highly expressed. With the high number of translational and energy production genes being expressed, C2 appears to reflect GAS in a period of increased protein production. This would require a large number of amino acids to be acquired from its environment. Although it is known that tonsillar tissue contains a fair amount of free amino acids, it appeared that the amino acid supply had outgrown the demand (Doi & Kataura, 1975) . In the pharynx of GAS-infected non-human primates, the nidus of GAS cell density was seen several days after the peak inflammatory phase but prior to the asymptomatic phase . This may reflect the time during the infectious process that the samples from C2 were taken. When the transcriptomes of growth phase-and stationary phase-cultured GAS were compared, genes involved in the amino acid starvation pathway (groEL, dnaJ, hrcA, clpE, clpP and luxS) along with several oligopeptidases were all highly expressed in the stationary phase of growth when the cell density is highest (Chaussee et al., 2008) .
Metal ion regulation and oxidative stress
The greatest similarities when comparing the few genes that were highly expressed in both clusters revolved around the oxidative stress response. This was to be expected, because no matter what other environmental differences were occurring between the two clusters, the reactive oxygen species produced by the oxygen-rich environment and phagocytes from the immune response should be common to both. The oxidative stress response for both clusters appeared to revolve around expression of perR. This regulator of iron homeostasis also plays an important role as a peroxide stress-response regulator. PerR has been shown to be needed for survival when GAS have been exposed to phagocytic cells (Gryllos et al., 2008) . Its regulation of sodA and dpr, both highly expressed in both clusters, points towards an active response against reactive oxygen species for both clusters (Tsou et al., 2010) . Evidence also points to PerR having some regulatory influence on the carbohydrate utilization phosphotransferase system, which has highly expressed genes in both clusters. Previous studies have shown high expression levels of perR in humans with GAS pharnygitis, GAS grown in human blood and GAS from mouse soft-tissue infections (Graham et al., 2002 Virtaneva et al., 2003) . The mtsABC metal ion transporter has also been shown to be important in oxidative stress and possibly virulence, showing another connection between metal ions and the oxidative stress response (Janulczyk et al., 2003) . Whilst C2 highly expressed all three parts of the mtsABC transporter, C1 also expressed mtsB at high levels.
Virulence genes
The transcriptome of C1 showed a greater number of highly expressed virulence genes compared with that of C2. The two-component regulator CovR/S has been shown to be a strong negative regulator of many virulence factors including streptolysin S and spd (Graham et al., 2002) . Although not in the top 200 for either cluster, csrS, one of the genes that make up this regulator, showed an almost 1.5fold increase in expression in C2 compared with C1. Through expression of the genes encoding streptolysin S, the DNase spd and the regulator mga, C1 also demonstrated the ability to avoid the immune system and persist in the oropharynx, which was not seen in C2. With its expression of several bacteriocin-related genes, C1 also appeared to be in an environment that was trying either to establish itself within the competing oral flora or perhaps, if a GAS carrier, to defend itself from an incoming competitor.
Real-time PCR validation
As seen with other microarray/real-time PCR validation experiments, the majority of sample comparisons had higher mean fold changes in the real-time samples, including three of the statistically significant different comparisons (Bustin, 2000; Graham et al., 2002; Woodbury et al., 2006) . As discussed in previous studies, this may be a result of using oligonucleotides from reference strains for the microarray that are possibly different from the sample strain or serotype that was used, resulting in decreased hybridization and sensitivity. This is less likely with the primers used for realtime PCR, which were conserved over all known sequenced strains and only had to match 40 nt with each sample rather than four to six probes of 30 nt each as was the case with the microarray (Woodbury et al., 2006) . This theory is supported by the fact that the majority of the variability in comparing the microarray results with the real-time PCR results was among the samples and not for a particular gene(s).
Conclusion
This study represents the first in vivo look at genome-wide expression of GAS genes in humans with GAS pharyngitis. The results showed two distinct clusters of significantly varying gene expression. The largest difference between the two clusters was the number of phage-related genes expressed. C1 also expressed genes related to immunesystem evasion, virulence and survival among other oral flora. C1 appeared to represent a far more virulent form of GAS than C2. C2 showed greater expression of genes revolving around nutrient acquisition and protein expression, reflecting the growth one would expect once GAS has established itself in the oropharynx during an acute infection. Further in vivo studies with humans involving correlating clinical symptoms with genome-wide gene expression are needed to provide better clarification of which genes correspond to different clinical states of infection.
